We investigate the neutral divacancy in SiC by means of first principles calculations and group theory analysis. We identify the nature of the PL transitions associated with this defect. We show that how the spin state may be manipulated optically in this defect.
Introduction
We have recently identified the neutral divacancy in 4H-SiC based on the agreement between the calculated and measured hyperfine signals [1] . This defect has the unique property that the ground state is a high spin S=1 state with a zero field splitting of D≈1. 3 GHz [2] . The so-called 'divacancy' [3] and UD-2 photoluminescence (PL) [4] signals were associated with this defect, with zerophonon lines (ZPL) at ~1.0 and ~1.1 eV in 4H-SiC. The 'divacancy' transition can be also detected in infrared (IR) absorption [3] . It is also known that ~1.1 eV excitation can enhance the electron paramagnetic resonance (EPR) signal of the divacancy [1, 5] . Detailed knowledge about the ground and excited states of this defect is crucial to understand the basic processes associated with this defect. We studied the ground and excited states by advanced quantum mechanical calculations and group theory analysis. We will show that the unique properties of this defect can be promising for optical manipulation of the electron and nuclear spin states of the defect.
Method
We investigated the ground and excited states by advanced ab initio density functional calculations (DFT) and beyond. The fine electron structure and levels were studied by group theory. We obtained the spin density distribution of the axial divacancy with C 3v symmetry in 4H-SiC by supercell plane wave calculations using DFT within local density approximation with utilizing the VASP code [6] . We applied a 576-atom supercell within the Γ-point approximation. This model permits simultaneous monitoring of the degenerate states and the converged spin density. We optimized the geometry until the forces were below 0.02 eV/ Å. At the optimized geometry the hyperfine tensors were calculated by the CPPAW code [7] . The absorption spectrum of the neutral divacancy was calculated in a nano-crystalline cubic SiC with a diameter of 1.4 nm by time-dependent DFT (TD-DFT) with applying a hybrid functional (PBE0) in the kernel [8] . The geometry of the defective nano-SiC was determined by DFT calculations using the VASP code. We were able to calculate the characteristic vertical absorption energies accurately and also to estimate the zero-phonon lines of the defect. We approximated the potential energy surface of the excited state by applying constrained DFT method. We utilized the VASP code for this calculation.
Results and discussion
Spin density. The calculated spin density distribution for the cubic axial configuration is shown in Fig. 1a,b . Apparently, the spatial decay of the spin density is very fast and is practically negligible
Materials Science Forum
Online: 2010-04-29 ISSN: 1662-9752, Vols. 645-648, pp 395-397 doi:10.4028/www.scientific.net/MSF.645-648.395 © 2010 Trans Tech Publications Ltd, Switzerland outside the radius of 5 Å from the core of the defect. The spin density is mostly detectable on 13 C isotopes via hyperfine interaction between the electron and nuclear spins and the values are typically in the order of some MHz except the first neighbor C-atoms near the carbon vacancy. As was demonstrated earlier for nitrogen-vacancy defect in diamond, spin-echo technique can be used to entangle the electron and nuclear spins of the system [9] . The fast decay of the spin density is an important criterion in order to avoid the fast decoherence of the entangled states which is fulfilled for the divacancy in SiC. The nuclear spin bath of 29 Si isotopes can represent a problem but it is possible to grow 28 Si-isotope enriched SiC samples. In spintronics applications, the electron and nuclear spins are manipulated by optical excitations, so next we focus on the fine electronic structure of the defect.
Group theory analysis for the EPR and PL transitions. Application of group theory can be very useful to understand the electronic structure of defects. We consider the C 3v symmetry of the divacancy which occurs in 3C-SiC and for the axial configurations in hexagonal SiC. The three C and Si dangling bonds create six single particle states with a 1(1) (2)a 1(2) (2)e (1) (2)e (2) (0) occupations in the ground state. According to the supercell calculations the a 1(1) state falls deep in the VB and can be ignored, whereas a 1(2) is resonant with the valence band edge (VBM). Both e (1) and e (2) states fall in the fundamental gap; e (1)/(2) are predominantly localized on C/Si dangling bonds. The possible multiplets of the a 1(2) (2)e (1) (2)e (2) (0) configuration is the triplet 3 A 2 and the 1 E, 1 A 1 singlets (Fig. 1c,d) . The ground state is the high-spin 3 A 2 state, giving rise to large spin density on the nearest C-atoms (see Fig. 1a,b ). In our group theory analysis we could prove that the order of levels is 3 A 2 , 1 E, 1 A 1 by considering the Coulomb and exchange integrals between the appropriate states. The excitation can occur from the resonant a 1(2) state resulting in a 1(2) (1)e (1) (3)e (2) (0). This will result in 3 E and 1 E multiplets where 1 E is above 3 E (Fig. 1d) . The spin-conserving excitation occurs between 3 A 2 → 3 E. The calculated vertical absorption energy is 1.18 eV for this process. We found in the TD-DFT calculation that the single particles states of a 1(2) and e (1) are dominant in this transition (over 97%) that supports the phenomenological description of our group theory analysis. In addition, this makes it possible to calculate the potential energy surface by the constrained DFT method. Due to excitation the atoms relaxed to a slightly distorted C 3v symmetry. The calculated ZPL energy is ~1.05 eV that is close to the 'divacancy' ZPL data. The slight distortion indicates minutely split ZPL lines with somewhat different polarization dependence as indeed measured. The fine structure of the 3 A 2 state has spin-spin splitting while 3 E state has additionally spin-orbit splitting at low temperature (Fig  1e. ). Presumably, the 1 A 1 state is close to the 3 E state. The appropriate M S =±1 states of 3 E can couple with the 1 A 1 state giving rise to non-radiative recombination which also couples with the M S =0 of 3 A 2 ground state by spin-orbit interaction (Fig. 1d,e ). Finally, optical excitation will change the M S =±1 of 3 A 2 to M S =0 during these cycles. This will enhance the EPR signal under light illumination at ~1.1 eV because the population of M S =0 state is increased a lot with giving rise higher probability of M S =0→±1 EPR transitions. Thus, the electron spin state of the defect can be manipulated optically. We finally note that the high energy 1 E state may be also close to the 3 E state in energy and may contribute to the non-radiative recombination of the excited electron. ew PL transitions associated with divacancy. Beside this process other excitation channels are also feasible. The resonant a 1(2) state may be occupied first by an electron from VBM after optical excitation resulting in a [divacancy(-)+hole] excited configuration. Then, the excited electron will recombine with the bound hole and not with the a 1(2) state. This may explain how two PL centers having very similar energies can be associated with the neutral divacancy. We found other intriguing optical properties of the divacancy. It is possible to excite not just to a 1(2) (1)e (1) (3)e (2) (0) but also to a 1(2) (1)e (1) (2)e (2) (1) and a 1(2) (2)e (1) (1)e (2) (1) configurations. The calculated vertical absorption energies of these processes are 1.85 and 2.34 eV, respectively. These excitations cause a significant distortion from C 3v symmetry and large relaxation energy (~0.46 eV). The estimated ZPL energies are ~1.39 and ~1.88 eV, respectively. The former is close to UD-4 ZPL's energies (~1.43 eV) [10] but no connections between UD-4 and UD-2 or the 'divacancy' PL signals have yet been found.
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Our study revealed that the neutral divacancy can be excited by both far IR and visible light.
Summary
We investigated the excitation spectrum and hyperfine structure of neutral divacancy in SiC by advanced theoretical calculations. Our results indicate that a single neutral divacancy defect may be applied as a solid state qubit in SiC. AG acknowledges support from 
